Abstract. The spatio-temporal distribution of lightning flashes over Israel and the neighboring area and its relation to the regional synoptic systems has been studied, based on data obtained from the Israel Lightning Location System (ILLS) operated by the Israel Electric Corporation (IEC). The system detects cloud-to-ground lightning discharges in a range of ∼500 km around central Israel (32.5 • N, 35 • E). The study period was defined for annual activity from August through July, for 5 seasons in the period [2004][2005][2006][2007][2008][2009][2010].
pattern was noted, whereas in RST days all 3 patterns were found, including the maritime pattern. It is suggested that atmospheric processes associated with RST produce the land pattern. Hence, the occurrence of a maritime pattern in days identified as RST reflects an "apparent RST". The hybrid pattern was associated with an RST located east of Israel. This synoptic type produced the typical flash maximum over the land, but the upper-level trough together with the onshore winds it induced over the eastern coast of the Mediterranean resulted in lightning activity over the sea as well, similar to that of CLs.
It is suggested that the spatial distribution patterns of lightning may better identify the synoptic system responsible, a CL, an "active RST" or an "apparent RST". The electrical activity thus serves as a "fingerprint" for the synoptic situation responsible for its generation.
Introduction
The eastern Mediterranean Basin is unique in that lightning activity occurs almost exclusively in the winter season, and almost never in the summer (Yair et al., 1998; Altaratz et al., 2003) . The conditions for thunderstorm occurrence in the eastern Mediterranean were described by Levin et al. (1996) and are similar to the conditions often found in winter thunderstorms in Japan (Kitagawa and Michimoto, 1994) . These storms usually develop within cold and unstable air-masses that move above the relatively warm sea water. For Israel, this air mass is carried inland by the westerly flow associated with Cyprus Lows (CLs, Shay-El and Alpert, 1991) . Bands of cumulus clouds, sometimes as shallow as 5 km (Altaratz et al., 2003; Ganot et al., 2007) , approach the coastline and produce intensive rain showers. More active cumulonimbus clouds are sometimes embedded within these clouds.
Cyprus Lows contribute the vast majority of annual rainfall (Goldreich, 2003; Goldreich et al., 2004; 2010a). Red Sea Troughs (RSTs), occurring mostly during autumn, are responsible for severe rain storms and flood events in the eastern and southern parts of Israel (Dayan et al., 2001; Kahana et al., 2002) . The RST is a quasi-stationary trough extending from the south, mostly with no significant rainfall . When combined with an upper-level trough, it may become an "active RST", characterized by transport of unstable air from tropical sources into the eastern Mediterranean, producing local (heavy) showers, especially over southern and eastern Israel (Saaroni et al., 1998; Kahana et al., 2002) . However, most studies on lightning activity over the eastern Mediterranean have focused on the winter season and the CL system (e.g., Altaratz et al., 2003; Price and Federmesser, 2006; Ziv et al., 2009) .
The factors that enhance convection, and consequently drive charge separation, electric-field buildup, and eventually, the lightning rate, can be divided into thermodynamic factors, i.e., temperature, moisture content and their vertical profiles, which trigger and support buoyancy-driven ascent, and dynamic factors, which induce convergence and large scale ascending motion. Ziv et al. (2009) studied atmospheric factors governing winter thunderstorms in the coastal region of the eastern Mediterranean under CL conditions and showed that winter lightning activity is dominated by thermodynamic factors, mainly the lapse rate throughout the entire cloud layer. The dynamic factors implied by the presence of a CL were found to be secondary, and the lower-level dynamics were found to be insignificant. The differences in the nature of these two synoptic systems, CL and RST, are expressed also in the CAPE, which evaluates the potential for lightning. In RST, Dayan et al. (2001) found values exceeding 1100 J kg −1 whereas for CLs Ziv et al. (2009) found much smaller values, in the order of several hundreds of J kg −1 .
This study presents an analysis of the spatio-temporal distribution of lightning activity based on cloud-to-ground flashes. The analysis includes inter-and intra-annual distributions and spatial distribution of flash density as a function of the regional synoptic systems.
Data and methods
The study region is defined by the detection capability of the Israel Lightning Location System (ILLS, Fig. 1 ) operated by the Israel Electric Corporation (IEC). The operational capabilities are defined such that lightning is detected in a range of ∼500 km from central Israel, but a minimum of three sensors are needed in order to determine the location of a single flash. The distribution of the ILLS sensors in Israel along a north-south axis leads to detection-efficiency minima, which are manifested in a "butterfly" distribution, where flashes at distances greater than 100 km north or south of this axis are not detected, while in the perpendicular directions (east and west) flashes are sensed up to 500 km distance.
Evaluations of similar systems around the world gave an overall detection efficiency of 70 %-90 % for ground flashes. The detection efficiency of the ILLS in Israel is consistent with the specifications over the entire land area of Israel and westward toward the Mediterranean Sea, where most storms arrive from (Altaratz et al., 2003) . Over land, where all 8 sensors are located, it is as high as 95 %, and it decreases with distance from the network center. The location accuracy of the detected flashes is 0.5-1 km within the network, and it decreases with distance from central Israel, to ∼10 km near Cyprus. The dimension of the study region in the eastwest direction is therefore about 1000 km while in the northsouth direction it is only 500 km (Fig. 1) . The area of the study region is ∼500 000 km 2 , of which 40 % are over the Mediterranean Sea. The land area of the state of Israel is ∼27 500 km 2 , i.e., 5.5 % of the study region.
We used stroke data obtained by the ILLS, including cloud-to-ground both negative and positive. Flashes with a current between 0 and +10 kA are automatically filtered out, being treated as intra-cloud flashes (Cummins et al., 1998) . It should be emphasized that a cloud-to-ground flash can be either a single stroke or have multiple strokes (defined as its multiplicity). The average multiplicity computed for the full stroke data, based on the USA National Lightning Detection Network (NLDN) algorithm and thresholds (10 km and 0.5 s, Rakov and Uman, 2003 ) is 1.6. We believe that for the ILLS, narrower ranges should be taken with a spatial range of twice the accuracy of the ILLS being 500 m. For the suggested ranges of 1 km and 0.2 s, the multiplicity computed is 1.1. Therefore, we consider the number of strokes to be representative of the number of flashes.
The lightning data contained for each flash its date, time, location, polarity and peak current. The location coordinates, together with information on the projection used (WGS84), enabled importing the lightning data into ArcGIS format, where a point layer was created. This layer was then processed using other layers such as the map layer. Before importing the data, it was edited and merged into a single layer. ArcGIS enabled slicing and filtering of the data according to the selected properties of each flash (date, time, polarity, intensity and location). Each flash was represented by a point. The spatial distribution maps were derived using the ArcMap version 9.3.1.
A "lightning year" starts on 1 August and ends on 31 July of the consecutive year. This definition is based on the definition of a "rainfall year" (Goldreich, 2003) . The study For each lightning day (LD), a day on which at least one flash was detected by the ILLS in the study region, the synoptic system that prevailed over the study region was determined and listed, according to the semi-objective classification of Alpert et al. (2004) . This classification contains five main systems: RST, CLs, Persian Trough, Highs and North African (Sharav) Lows, and is based on the 12:00 UTC 1000-hPa temperature and horizontal wind and GPH, taken from the NCEP-NCAR dataset, with a 2.5 • × 2.5 • resolution (Kalnay et al., 1996; Kistler et al., 2001 ). According to Alpert et al. (2004) , the regional weather phenomena are well defined by these synoptic systems and the upper-level systems are clearly reflected when one considers the dynamics of the east Mediterranean surface synoptic systems. The synoptic maps presented here were derived using the NCEP/NCAR reanalysis data.
Results

Inter-annual and intra-annual distributions
During this study the ILLS detected 605 413 cloud-to-ground (CG) lightning flashes over the entire study region, collected during 817 lightning days (LDs), i.e. 45 % of the days of the study period. When excluding LDs with fewer than 5 flashes (40 % of the LDs), the average number of LDs for the study region is 98 ± 17 per year. For a threshold of 100 flashes per day, the average number of days is 57 ± 5, i.e. 35 % of the LDs.
The ratio of detected lightning over Israel and over the entire region is 1:10 (Table 1) , about twice the aerial ratio. This is clearly the result of the better detection efficiency of the ILLS system because its location lies in Israel. Moreover, the respective ratio for the number of LDs is considerably larger, 2:5. These differences are further discussed with regard to the lightning spatial distribution.
The isoceraunic map for Israel (prepared by the Israel Meteorological Service, Nautra, 1982) indicates a much lower number of LDs, ranging between 2 in the South of Israel to 30 in the North. The large difference in these results is attributed to the different methodology applied and mainly to the change in the detection method from the old, traditional, human-based acoustic hearing of thunder by the local weather observer (limited to approximately 20 km), to the far more accurate and long-range monitoring based on electromagnetic radiation from lightning by the ILLS. Table 1 The intra-annual distribution of lightning activity over the region indicates that it occurs during the autumn, winter and spring but hardly during the summer months (JJA, see Figs. 2-4). The absence of lightning during the summer months is attributed to the persistent higher-level subsidence over the region (Rodwell and Hoskins, 1996; Ziv et al., 2004) . However, rain episodes are observed over the northern half of Israel almost every year, and found to be rather mild and highly localized (Saaroni and Ziv, 2000) . They suggested that the cause of rain is not a synoptic-scale forcing, but rather a weakening of the rain-suppressive thermodynamic conditions over the Levant region. The main lightning season is October-February, in which 90 % of the total flashes are recorded (Fig. 2) . The average number of flashes in both October and November is larger than that of each of the winter months, DJF. Moreover, October is the richest month with flashes, about 3 times more than the average for the months November-February (Fig. 2) .
As for LDs, the period October-February is also shown as the high season, with a flat distribution ranging from 18.6 to 20.2 LDs per month (Fig. 2) . However, their percentage is only 60 % of the yearly amount. The ratio between the monthly number of flashes and the number of LDs for a certain month is the average number of flashes per a LD in the pertinent month. Figure 2 implies that the average number of flashes per lightning day for October, being 2617, is the largest and is almost 4 times larger than that for NovemberFebruary.
The inter-annual variations, as represented by the relative STDs inferred from Fig. 2 , are more or less similar for the number of flashes (∼20 %) for the months OctoberFebruary. However, for the number of LDs, October has the largest STD, about 1.5-2 times that of DJF. Figures 3 and 4 present the number of LDs and flashes, respectively, for each individual month of the study period over the entire study region (in blue) and over Israel (in red), reflecting the large inter-annual variability. October flashes account for 40 % of the detected flashes in the study region and 34 % in Israel. Flashes in DJF months account for an average of 35 % of the total flashes detected in the study region and 45 % above Israel. This suggests that low correlation exists between the number of flashes and the number of lightning days. The correlation (on a monthly basis) was calculated for the months October-February, yielding correlation of R = 0.13 and for DJF -0.26, both insignificant. As an example, in October 2009 an extremely high number of flashes, 98 000, was measured within 18 lightning days, whereas in October 2005, only 929 flashes (∼1 %) were observed within almost the same number (16) of lightning days. This means that the number of flashes at a given storm is highly dependant on the specific atmospheric conditions, which determine the efficiency of charge separation and lightning generation.
Spatial distribution of lightning flash density
The spatial distribution of flash density for each of the four seasons is presented in Fig. 5 . Several features can be observed. The most prominent one is the absence of flashes during the summer (JJA), except for local centers of low density over the mountain areas in the northern part of the study region. This fact can be partly explained by exceptional events of deep Persian Trough causing summer rainfall (Saaroni and Ziv, 2000) . The dominant feature appearing in the autumn (SON), winter (DJF) and spring (MAM), is the higher lightning density over the Mediterranean Sea than over the land, reflecting the major contribution of the CLs to the lightning flash density, as widely studied by Levin et al. (1996) , Yair et al. (1998) , Altaratz et al. (2003) and Ziv et al. (2009) . Moreover, the highest density is at the eastern part of the sea, near the coastline. This can be attributed to the contribution of sensible and latent heat fluxes to the air masses while moving over the sea toward the eastern coast (Shay El and Alpert, 1991; Alpert et al., 1990; Ziv et al., 2009; Saaroni et al., 2010a) . Similar results were found for the west coast of Japan in the winter season, most notably in the Hokuriku region (Kitagawa and Michimoto, 1994) . The decrease in flash density in the spring is attributed to the relatively cool SST in that season and the northward shift of the cyclone's track toward Europe (Alpert et al., 1990) . The highest flash density in the autumn, mostly in October (see Sect. 3.1), may be attributed to the highest SST in that month for the entire lightning season.
The decrease in lightning density from north to south can be explained by the growing distance from the cyclone's track (Alpert et al., 1990) in that direction. A high flash density is observed parallel to the coast compared to further inland, suggesting that the friction effect of the coastline is being "felt" by the westerly flow, leading to convergence and enhanced convection. The observed decrease to the east of the mountain ridges is caused by the rain-shadow effect downwind from the north-south mountain ridge. Besides the dense centers over the sea, other centers of high density are seen over the eastern and southern parts of the study region. This implies an effect of other synoptic systems such as the RST (Dayan et al., 2001; Kahana et al., 2002) and tropical plumes (Ziv, 2001) , as is exemplified and discussed in Sect. 3.3. Figure 6 shows the flash density over Israel. Regional maxima can be noted along the coastal plain, orographic barriers, especially in northern Israel, and downwind from the metropolitan area of Tel Aviv. The increase at the coastline expresses the friction effect of the coast known also to increase the rate of convective rains over the coastal plain of Israel (Sharon and Kutiel, 1986) . The maximum over the mountains is due to the orographic forcing and is consistent with the increase in the orographic rains (Sharon and Kutiel, 1986; Goldreich, 2003) . The high flash density downwind from the metropolitan area of Tel Aviv (especially to the northeast, in line with the south-westerly flow during rain events) might reflect the urban heat island effect (Oke, 1987) that has been documented in Tel Aviv .
Temporal and spatial distributions in relation to the regional synoptic systems
The Cyprus Low is the synoptic system contributing the vast majority, >80 %, of the rainfall in Israel (Saaroni et al., 2010a) . Other rain-producing systems, particularly of a tropical source, such as the "active RST" (e.g. Dayan et al., 2001) or tropical plume (e.g. Rubin et. al., 2007) have only a minor contribution to the rainfall in Israel. Saaroni et al. (2010a) found that the daily average rainfall observed on rainy days when no CL was present was one order of magnitude smaller (<2 mm day −1 ) than on CL days. The synoptic classification used shows that >85 % of the flashes occurred on days defined as CL or RST, indicating the dominance of these two systems for lightning activity in the region. In contrast to the small portion of rainfall imparted by RST (i.e., <20 %, Saaroni et al., 2010a) 32 % of the flashes occurred on RST days. However, the relative contribution of the two dominating systems varies along the lightning season. During the winter (DJF) 71 % of the flashes are associated with CLs, still considerably lower than the relative rainfall yield associated with this system, and 19 % with RST. During the autumn (SON) the ratio is reversed; 41 % of the flashes are associated with CLs and 43 % -with RST.
Cyprus Lows have been mentioned as the cause for the maximum lightning density over the sea. In contrast, the "active Red Sea Troughs" usually produce local showers associated with lightning activity, especially over southern and eastern Israel (Kahana et al., 2002) . Therefore, one can expect that the RST would produce different spatial distributions of lightning, with its maximum over land.
When analyzed on a daily basis, we identified three different types of lightning distributions and defined these as "land", "maritime" and "hybrid" types. They are exemplified by three case studies specified below and shown in Figs. 7b, 8b and 9b. For each case the instability of the atmosphere was quantified by the lifted index and the convective available potential energy (CAPE), based on temperature and on virtual temperature (Table 2) .
The "land" type
The "land" type, exemplified by 29 October 2004 (Fig. 7) , was defined synoptically as an RST day. The sea-level pressure (SLP) map (Fig. 7a) shows an RST extending from the south. In the upper-levels (not shown), a trough was located over the eastern Mediterranean, extending toward Egypt with southwesterly to southerly winds, accompanied by transport of moisture from tropical origin. The pronounced instability that developed over the study region can be deduced from the extremely high CAPE seen in Table 2 , much higher than is common for lightning events in Israel (Dayan et al., 2001; Ziv et al., 2009) . Consequently, cumulonimbus clouds developed over the eastern part of the study region, mostly over the land area and the northeastern part of the Mediterranean, as can be seen in the MODIS satellite image taken at 11:00 UTC (Fig. 7c) and in the daily distribution of the flashes (Fig. 7b) . The total number of flashes over the entire study region was 13 939, 28 % of them over Israel (Table 2) .
The "maritime" type
The "maritime" type, exemplified by 30 October 2009 (Fig. 8) , was defined synoptically as a CL whose center was located east of Cyprus. The SLP map (Fig. 8a) shows the low and the westerly to southwesterly flow transporting moisture from the Mediterranean towards its eastern part. The lightning distribution (Fig. 8b) is most similar to the flash density map of the winter type (Fig. 5) , that is mostly over the sea, the adjacent coastal plain and the northern mountains of Israel. The total flash number in that event was 27 933, the vast majority of which was over the Mediterranean Sea and only 9 % over Israel (Table 2) . A massive cluster of cumulonimbus clouds over this area is clearly seen in the MODIS satellite image taken at 08:20 UTC (Fig. 8c) . In this case study the values of both the CAPE and the lifted index were only 1/5 of the respective values for the "land" type and the number of flashes over Israel was 2/3 of those in the "land" type.
The "hybrid" type
The "hybrid" type, exemplified by 24 October 2008 (Fig. 9) , was defined synoptically as an RST. The lightning distribution (Fig. 9b) is composed of two distinct centers, one over the Mediterranean Sea, most similar to the 'maritime' type (i.e., a CL type), and the second over south eastern Israel, resembling the characteristics of the "land" type (i.e., RST type). The SLP map (Fig. 9a) shows an RST, located east of Israel, with a cyclonic extension toward Cyprus and the northeastern corner of the Mediterranean. The pressure gradient leading to marine northwesterly onshore winds together with a pronounced upper-level trough (not shown) resulted in high instability that supported the development of thunderclouds, most similar to those induced by a CL. This trough moved eastward and crossed Israel during the evening, and the lightning activity propagated accordingly from the sea to the land. The satellite image from 11:05 UTC (Fig. 9c) shows only the clouds over the sea, since the clouds and flashes developed over the land during the late afternoon hours, when no MODIS image was available. The apparent contradiction between the synoptic system defined semi-objectively as RST that implies "land" type lightning Nat. Hazards Earth Syst. Sci., 11, 2125 Sci., 11, -2135 Sci., 11, , 2011 www.nat-hazards-earth-syst-sci.net/11/2125/2011/ distribution, and the pronounced (and even dominant) maximum over the sea can be explained by the specific position of the RST. The axis of the surface trough was located ∼7 • east of the coastline, so that Israel was subjected to a marine northwesterly flow, most similar to that induced by a "classical" Cyprus Low. At the same time, the inner land areas were still under the influence of the RST. A more pronounced apparent contradiction was observed between the synoptic system defined for certain days and the lightning distribution, i.e., days defined as RST with a "maritime" type lightning distribution. It is suggested that these days express Cyprus Lows that develop within an RST (as described in Romem et al., 2007) and therefore, we propose the definition of an "apparent RST" for such situations.
Discussion and conclusions
Lightning activity in Israel and the neighboring area occurs almost exclusively in the winter months DJF (Yair et al., 1998; Altaratz et al., 2003) . Thus, most studies on lightning activity over the region focus on the winter season and the major synoptic system responsible for lightning, namely the Cyprus Low (e.g., Ziv et al., 2009) . Another type of weather system that brings heavy rain (which in some cases causes flash floods in the eastern and southern parts of Israel), and is associated with severe thunderstorms, is the "active RST" (e.g., Dayan et al., 2001; Kahana et al., 2002) . The atmospheric factor that activates the RST is an upperlevel trough extending from the eastern Mediterranean toward Egypt (Saaroni et al., 2010b) . This system is most frequent in the autumn, but may occur also during the winter and spring (Kahana et al., 2002) .
This study analyzes the spatio-temporal distribution of lightning flashes over the region and its relation to the regional synoptic systems. The study is based on the annual lightning data obtained from the Israel Lightning Location System (ILLS) operated by the Israel Electric Company (IEC) for a 5 yr period, from 2004 through 2010.
In spite of the fact that over 65 % of the rainfall in Israel is obtained in the winter months, DJF (Goldreich, 2003; Saaroni et al., 2010a) , only 35 % of the lightning flashes and 45 % of the lightning days occurred during these three months. Price and Federmesser (2006) , in a study based on analysis of lightning data in individual winter storms in the central and eastern Mediterranean from the lightning imaging sensor (LIS) on board the TRMM satellite, found a high positive correlation between lightning activity and rainfall. These correlations can be considered as instantaneous since the LIS offers a snapshot view of the storm. Our results, however, indicate that this correlation does not hold on an annual basis.
October was found to be the richest month in lightning activity, with 40 % of the total flashes, but only 14 % of the lightning days. This indicates a high flash density in October with the highest peaks of flashes per day. Eight out of the ten days with >10 000 flashes occurred in October, reaching a maximum of 31 179 flashes at 29 October 2009. This reflects the intense static instability often found in that month, attributed to the lower level warm air accompanied by upper-level cold air due to an upper-level trough (e.g., Dayan et al., 2001) . The lower level warm air results from the relatively warm Mediterranean Sea in the autumn (>25 • C, NCEP/NCAR reanalysis) or lower-level warm tropical air transport from south. Moreover, in the fall the tropopause is higher compared to winter, and thus enables the development of convective clouds with a larger vertical dimension. Price and Rind (1992) showed that the total lightning activity is proportional to the 5th power of the vertical cloud dimension, which goes in line with our results.
Two different synoptic systems were found to dominate lightning activity over the study region: the Cyprus low (which accounts to 54 % of the flashes) and the active Red Sea Trough (32 %). It was also found that over 80 % of the days defined as CLs were associated with lightning, a manifestation of the high static instability associated with these cyclones. As for the RST days, only 60 % of them were associated with lightning. The RST that existed in the days without lightning can be called "inactive RST", a result of the absence of an upper-level trough that is needed to support convection and the development of thunderstorms. It should be noted that both synoptic systems are different from those supporting lightning activity in the central Mediterranean. For example, Mazarakis et al. (2008) studied lightning activity in Greece and the Ionian Sea during the warm season (May-September), a period in which there are practically no thunderstorms in our study area. They found that active days are typified by high values of CAPE and instability at the lower levels, supported by the presence of an upper level trough along the northern Ionian Sea. Additionally, topography plays a dominant factor and most lightning occurs over land, with minima above the sea.
The spatial distribution of lightning flashes on a daily basis enabled the identification of three distribution patterns, defined as "land", "maritime" and "hybrid". While the "land" and "maritime" types are characterized by maxima in flash density over the land and sea, respectively, the "hybrid" type has maxima over both areas. These patterns are expected to express the synoptic factor, i.e., the "maritime" type is strongly related to the CLs and the 'land' type to the "active RST". However, some of the days with "maritime" type were defined by the semi-objective classification as RST rather than Cyprus Low. Therefore, it is suggested to define the synoptic type of such days as "apparent RST", contrary to the "active RST" that has a typical "land" pattern distribution of flash density.
The case study that exemplified the "hybrid" type was identified synoptically as an RST. Besides the maximum of lightning density over the land, a high flash density was also found over the sea, resembling, at least partly, the "maritime" type which is typical of a Cyprus Low. The lighting cluster over the sea is explained by the location of the RST to the east of Israel, causing a marine northwesterly flow toward the eastern coast of the Mediterranean, which is conducive to the generation of convective clouds. Together with the pronounced upper-level trough, the resulting atmospheric conditions are similar to those induced by a CL, leading to intense lightning activity.
To conclude, it is suggested that the spatial distribution patterns of lightning help to better distinguish between the synoptic system responsible, a CL, an "active RST" or an "apparent RST". The electrical activity thus serves as a "fingerprint" for the synoptic conditions responsible for its generation.
